The aim of this study was to investigate the effect of low-pressure plasma treatment on seed disinfection and the possible mechanisms underlying this effect. Seed-borne disease refers to plant diseases that are transmitted by seeds; seed disinfection is an important technique for prevention of such diseases. In this study, the effectiveness of low-pressure plasma treatment in the inactivation of the seed-borne plant pathogenic bacterium, Xanthomonas campestris, inoculated on cruciferous seeds, was evaluated. The highest inactivation effect was observed when the treatment voltage and argon gas flow rate were 5.5 kV and 0.5 L/min, respectively. The viable cell number of X. campestris was 6.6 log cfu/seed before plasma treatment, and decreased by 3.9 log after 5 min of treatment and by 6.6 log after 40 min. Ethidium monoazide treatment and quantitative real-time PCR results indicated that both the cell membrane and target DNA region were damaged following 5 min of plasma treatment. Although both heat and ozone were generated during the plasma treatment, the contribution of both factors to the inactivation of X. campestris was small by itself in our low-pressure plasma system. Overall, we have shown that our low-pressure plasma system has great applicability to controlling plant pathogenic bacterium contamination of seeds.
INTRODUCTION
Black rot is one of the most important diseases of brassicaceous crops worldwide. Xanthomonas campestris pv. campestris, the causative agent of black rot of cabbage and other cruciferous crops, is seed-borne and its infested seeds are the primary source of the disease Shiomi, 1992 . While treating seeds with bactericides is commonly performed to prevent such seed-borne diseases, very few effective bactericides compared to fungicides are available in Japan. In particular, in organic agriculture, the options for reducing seed-borne pathogens are limited as no synthetic crop protection agent can be used van der Wolf et al., 2008 . In addition, recently there has been an increasing public demand for alternative nonchemical methods of plant cultivation.
Heat treatment such as hot water and hot air treatments are useful nonchemical methods for seed disinfection. Hot water treatments are generally completed within 10-30 min, but the water temperature and treatment time must be carefully controlled to inactivate the pathogens without damaging the seeds Babadoost, 1992 . Furthermore, a drying process after treatment is required to avoid decline in germination quality and recontamination during storage. Hot air treatments do not require a drying process after treatments, but they usually take several days to inactivate the pathogens, e.g., 5-7 days for black rot disinfection Shiomi, 1992 . Plasma is the highly energized fourth state of matter
The pressure in the chamber could be controlled by the flow rate of argon gas such that when the flow rate of argon gas was 0.5-1.0 L/min, the pressure was 10.7-16.0 kPa. Low-pressure and low temperature argon plasma was generated between electrodes by applying the voltage to the electrodes. The 20 seeds on which the pathogen was inoculated were placed on a mesh sheet between the electrodes. Each treatment was repeated 3 times.
Dry heat effect and ozone density during plasma treatment
In a previous study Nishioka et al., 2014 , we measured the temperature around the mesh sheet in the plasma apparatus with a temperature indicator, and it was found that the temperature of the low-pressure plasma apparatus went up to 77 within 40 min. To distinguish the inactivation effect of the accompanying heat or ozone from that of the plasma, the heat studies described in the sections below were performed. To set up, 1.5 ml microcentrifuge tubes containing 20 seeds inoculated with X. campestris samples were placed in a dry heating block Thermo Alumi bath; ALB-121, Scinics Corporation, Tokyo, Japan at 70-80 for 40 min. The ozone density in the low-pressure plasma system was measured with an ozone monitor Model 106 Ozone Monitor; 2B Technologies, Inc., Colorado, USA . The plasma system conditions were an argon gas flow of 0.5 L/min and voltage of 5.5 kV.
Microbiological analysis
After the plasma or dry heat treatment, samples were transferred to 750 µL of sterile saline solution NaCl, 0.85% and stirred vigorously in a mixer Super Mixer; CST-100, Iwaki Glass Co. LTD., Tokyo. Japan for 2 min. Then, 250 µL of sterile saline solution was added, and serial dilutions were prepared using the sterile saline solution. Aliquots 0.1 mL were plated in triplicate on NA plates. After incubating the plates at 30 for 5 days, the X. campestris count was calculated as cfu/ seed.
Damage to X. campestris by plasma treatment
To investigate the influence of plasma treatment on the DNA of X. campestris, quantitative real-time PCR QPCR and ethidium monoazide EMA -QPCR were carried out using a StepOne real-time PCR system Applied Biosystems, California, USA . After 5 min of plasma treatment of the seeds with argon gas at a flow rate of 0.5 L/min and a voltage of 5.5 kV, cells were collected by stirring seeds in sterile saline solution. DNA was then extracted using NucleoSpin Tissue XS Takara Bio Inc., Shiga, Japan and QPCR was performed using the primer set DLH153-154, which is highly and is composed of excited atoms and molecules, ionized gases, radicals, and free electrons Moisan et al., 2001 . The effect of plasma on various foodcontaminating microorganisms such as Escherichia coli and Listeria monocytogenes has been studied previously Deng et al., 2007; Yu et al., 2007; Yun et al., 2010 . Selcuk et al. 2008 reported that sterilization by plasma may offer an alternative to current seed disinfection methods; however, in the field of agriculture, there are few reports on the inactivation effect of plasma on plant pathogens Filatova et al., 2012; Iseki et al., 2010; Selcuk et al., 2008 . Especially, there are no reports in regard to the inactivation of seed-borne plant pathogenic bacteria by plasma. In this study, we evaluated the disinfection effect and possible mechanism of the low-pressure gas plasma system on seeds inoculated with the seed-borne plant pathogenic bacterium, X. campestris.
MATERIALS AND METHODS

Sample preparation and inoculation
X. campestris pv. campestris NGM120310-14, which was used as the seed-borne pathogen, was isolated from diseased flowering cabbage Brassica oleracea var. acephala and grown on nutrient agar NA at 25 . The sterilization effect of plasma was evaluated using brassicaceous seeds Brassica campestris var. amplexicaulis obtained from Akamatsu Syubyo Co. Ltd. Kyoto, Japan . The seed sample was prepared as previously described Inoue et al., 2009 . Briefly, the seeds were initially dipped for 2 min in 70% ethanol for surface disinfection and then rinsed three times in sterile distilled water, followed by blotting on sterilized filter paper. The seeds were then dried in a laminar flow hood for 1 h, followed by soaking of 2 g of the seeds in 20 ml of the X. campestris suspension approximately 10 12 colony formation units cfu /ml sterilized water containing 0.02% Tween 20 for 15 min, while being stirred several times. After decanting the inoculum, the seeds were placed on sterilized filter paper, and dried in the laminar flow hood.
Treatment with low-pressure plasma
The low-pressure plasma treatment was carried out using the previously reported plasma apparatus employing argon gas Nishioka et al., 2014 . Two aluminum electrodes whose counterface surfaces were insulated by glass plates were placed level to the ground in a glass chamber and connected to a highvoltage AC power supply. The frequency and amplitude of voltage of power supply were 10 kHz and 2.5-5.5 kV, respectively. The glass chamber was connected to a dry vacuum pump and an argon gas inflow system.
To confirm the possibility of X. campestris inactivation by ozone, the ozone density in the low plasma system was measured Fig.2 . The ozone density rose as high as 0.21 ppm after 1 min of plasma treatment but decreased to 0.12 ppm after 40 min treatment. Table 2 shows the effect of dry heat associated with 40 min of plasma treatment, on the viability of X. campestris on seed samples. The number of viable X. campestris cells on the seeds decreased slightly after heat treatment at both 75 and 80 for 40 min, but the difference was not statistically significant at the 5% level. 
Statistical Analysis
The data were analyzed using SPSS 11.0J for Windows SPSS Japan Inc., Tokyo, Japan to detect significant differences in the viable cell number of X. campestris between different plasma treatment data sets. Where variances were homogeneous Levene s test , multiple comparisons using the Tukey HSD test were performed; otherwise, Dunnett s T3 test was applied. Table 1 shows the effect of voltage and argon gas flow rate conditions on the reduction of X. campestris on the seeds after 10 min of plasma treatment. The results indicate that all the conditions were effective in the inactivation of X. campestris on the seeds. The plasma treatment with the highest voltage, 5.5 kV, was the most effective and caused approximately 5 log reduction in the viable cell number. Changing the argon gas flow rate 0.5 L/min and 1.0 L/min did not influence the inactivation effect.
RESULTS
Inactivation of X. campestris
When the treatment voltage and argon gas flow rate were 5.5 kV and 0.5 L/min, respectively, the inactivation effect for X. campestris depended on the plasma treatment time Fig.1 . The initial population of X. campestris of 6.6 log cfu/seed was reduced to 2.7 log cfu/seed after 5 min. Plasma treatment for 40 min caused 6.6 log reduction of X. campestris on the seeds.
Effect of ozone density and dry heat on X. campestris during plasma treatment EMA-QPCR, was considerably lower than the relative reduction in cell number observed by the culture method.
DISCUSSION
Plasma is generated by removing electrons from the gas molecules, which produces a highly excited mixture of charged atoms and free electrons Sakudo and Shintani, 2011 . During the process, several other factors such as heat, ultraviolet UV radiation, and oxidative stress are generally produced Maeda et al. 2015 . Ozone, is a powerful antimicrobial agent owing to its potential oxidizing capacity Guzel-Seydim et al., 2004; Patil et al., 2011 and is one of the most significant reactive species linked to oxidative damage caused by gas discharges in the presence of oxygen Gaunt et al., 2006 . The pressure in our system was 10.7 kPa, which was higher than that for the low-pressure plasma systems in many previous studies Basaran et al., 2008; Grzegorzewski et al., 2010; Hury et al., 1998; Roth et al., 2010; Selcuk et al., 2008 . Therefore, some of the air remaining in our system could potentially react with the excited gas mixture Damage to X. campestris DNA and the cell membrane by plasma treatment QPCR was performed as an index of intact genomic DNA of X. campestris. Figure 3 a shows the DNA concentration of the plasma-treated samples relative to that of untreated samples. Plasma treatment for 5 min inhibited DNA amplification, and the DNA concentration decreased to 22% of that of untreated samples. In order to investigate the damage to X. campestris cell membranes, EMA treatment was performed before QPCR Figure 3 b . The EMA treatment decreased the amount of amplified DNA in the plasma-treated samples to 4.6% of that of untreated samples. The cell number measured by culture methods on NA plates was 6.1 log cfu/seed before treatment, and the viable cell number of the samples subjected to 5 min of plasma treatment decreased to 2.7 log cfu/seed. The relative reduction rate of DNA, obtained by QPCR and detected some damage to DNA, although this was not significant Yasuda et al., 2008 . In our study, QPCR data suggested that the target DNA of hrpF gene on the X. campestris chromosome inside the bacterial cells was damaged during plasma treatment. It is still uncertain whether UV radiation generated during plasma treatment in our study is primarily responsible for damage to X. campestris DNA. Therefore, it is possible that synergistic processes involving two or more reactive species, including UV radiation, might be responsible for the DNA damage.
A possible sterilization mechanism of argon atmospheric plasma is the continuous impact on the membrane of bacterial cells by energetic plasma species such as argon ions, metastable particles, and electronically excited neutrals, in addition to UV radiation generated by the source Yu et al., 2007 . It was reported that when the gram-negative bacterium E. coli was exposed to plasma, its cells showed more damage on their outer membrane than those of the gram-positive bacteria Bacillus subtilis and Staphylococcus aureus. Furthermore, their outer membrane appeared to be disrupted, leading to the extrusion of their cytoplasm into the surrounding medium Gadri et al., 2000; Laroussi et al., 2003 . In our study, the relative DNA quantity of plasma-treated samples, as measured by EMA-QPCR, was lower than that by QPCR. This result suggested that the cell membrane of X. campestris, a gram-negative bacterium, as well as its DNA was damaged by the 5-min plasma treatment. However, the DNA reduction rate noted with EMA-QPCR was lower than the reduction seen in the number of viable cells. DNA and membrane degradation are therefore not the only mechanism of cell damage in this system. UV radiation or the diffusion of reactive species through the cell membrane might be another possible sterilization mechanism. Once these species break into cells, they can directly react with subcellular biomaterials Laroussi et al., 2002; Yu et al., 2007 . In our low-pressure system, such reactive species and UV radiation might have been involved in the resulting bactericidal effects.
It is suggested that many factors or the combination of them would be involved in the bactericidal effect of plasma. Further investigations regarding the factors are necessary to enhance the practical effectiveness of the plasma system.
For the plasma treatment, voltage is one of the primary processing parameters, as it increases energy input. In a previous study, increased reduction of E. coli cells on almonds has been reported at higher voltages Deng et al., 2007 . Our results were consistent with their report and we showed that plasma treatment with the highest voltage condition, 5.5 kV for 10 min or 40 min, achieved 5.1 or 6.6 log cfu/seed reduction of X. campestris cells. during plasma treatment, and the possibility of ozone gas generation should be considered.
The microbicidal effect of ozone has been investigated in several dry foods cereal grains, cereal grain powders, peas, beans, and whole spices , and 0.5 ppm ozone gas treatment for 1 hour decreases the number of microorganisms by 1 to 2 log Naito et al., 1987 . Despite a lesser reduction of microorganisms, the amount of ozone exposure required was greater than the estimated exposure from our system up to 0.22 ppm for 40 min . Furthermore, Iseki et al. 2010 reported that their high-density non-equilibrium atmospheric pressure plasma treatment employing argon gas successfully inactivated Penicillium digitatum spores. However, they also confirmed that the contribution of ozone density to inactivation of spores was small because the inactivation ability of the ozone generated by an ozonizer with much higher density was less than the inactivation ability of plasma treatment. These previous reports suggest that ozone itself hardly contributes to the microbial inactivation in our system.
With regard to dry heat, the increase in temperature from 70 to 80 associated with plasma treatment did not significantly reduce the number of viable X. campestris cells on the seeds in our study Table 2 . Hot air treatments at 75 have been reported to take as long as 5-7 days for disinfection of seeds with black rot X. campestris pv. campestris Shiomi, 1992 . These data indicated that the heat generated by plasma treatment for 40 min in our system was apparently insufficient to inactivate X. campestris. Furthermore, our data are similar to the previous data on the sterilization effect of dry heat at 125 which was the gas phase temperature of their argon gas plasma on E. coli and Micrococcus luteus seeded on filter paper Yu et al., 2007 . They found that the sterilization was indeed entirely due to the plasma and not the dry heat itself.
The biological damage of UV radiation is primarily due to the absorption of photons by nucleic acids Gaunt et al., 2006 . Destruction of microbial genetic material by UV radiation is thought to be an important factor in sterilization by low-pressure plasma Gaunt et al., 2006; Moisan et al., 2002 . In this study, the damage to DNA was monitored in plasma-treated samples by QPCR. Plasma treatment for 5 min inhibited the amplification of the hrpF gene target.
Several previous studies have investigated the effect of atmospheric pressure plasma directly on plasmid DNA and shown that atmospheric plasma treatment induced double strand breaks in plasmid DNA Li et al., 2008; O Connell et al., 2011; Ptasin ska et al., 2010 . Investigation into the effect of atmospheric dielectric barrier discharge plasma on plasmid and chromosomal DNA in E. coli cells by agarose gel electrophoresis
